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Abstract 
Carbon dioxide tertiary or secondary oil recovery becomes increasingly significant to the petroleum industry. CO2 
flooding can not only enhance or improve oil recovery clearly but also considerably reduce greenhouse gas emission. 
After CO2 was injected into an oil reservoir, it contacted the reservoir oil and, consequently, changed the equilibrium 
conditions and fluid properties, which may lead to the precipitation of organic solids, primarily asphaltenes. In this 
case, the bulk porosity reduces obviously because of asphaltene deposition, which can cause permeability reduction 
of a tight sandstone reservoir after immiscible CO2 flooding. In this paper, a total of three CO2 coreflood tests under 
immiscible conditions were performed through the so-called dry, secondary, and tertiary oil recovery processes, 
respectively. After or before each process, the distribution of crude oil and brine (3wt% NaCl) in the core was 
scanned by employing X-ray CT scanning. Comparing two CT images before and after recovery processes in one test, 
it is found that asphaltenes deposited onto the sand grains and thus left in the reservoir, which caused permeability 
reduction of a tight sandstone reservoir after immiscible CO2 flooding. 
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Carbon dioxide tertiary or secondary oil recovery becomes increasingly significant to the petroleum 
industry. CO2 flooding can not only enhance or improve oil recovery clearly but also considerably reduce 
greenhouse gas emission [1]. Many light and medium oil reservoirs are suitable for miscible or even 
immiscible CO2 
majority of heavy oil reservoirs are unsuitable and uneconomical for miscible CO2 flooding and, thus, the 
immiscible CO2 flooding is more efficient. After CO2 was injected into an oil reservoir, it contacted the 
reservoir oil and, consequently, changed the equilibrium conditions and fluid properties, which may lead 
to the precipitation of organic solids, primarily asphaltenes[2]. Asphaltenes are the heaviest and most 
complicated fraction in a crude oil sample and consist of condensed polynuclear aromatics, small amounts 
of heteroatoms (S, N, and O), and some traces of metal elements and asphaltene precipitation is a major 
technical concern in CO2 flooding and has a significant effect on the EOR[3][4]. It may occur if a 
sufficient amount of CO2 is dissolved into the crude oil. The precipitated asphaltenes may be deposited 
onto the sand grains and thus left in the reservoir. In this case, the bulk porosity reduces obviously 
because of asphaltene deposition, which can cause permeability reduction of a tight sandstone reservoir 
after immiscible CO2 flooding. 
2. CO2 Core Flooding Test 
2.1. Apparatus and materials 
A schematic diagram of the coreflood apparatus used in CO2 coreflood tests is shown in Figure 1. Four 
high-pressure cylinders were used to store and deliver the original heavy crude oil, the brine water, water 
and CO2, respectively. These four cylinders and the coreholder were placed inside an air bath. An electric 
heater and a temperature controller were used to heat the air bath and keep its constant temperature of T = 
37.5°C. An automatic displacement pump was used to displace the crude oil, brine water or CO2 through 
the core inside the coreholder. The deionized water was pumped using a manual displacement pump to 
apply the so-called overburden pressure, which was always kept 4 MPa higher than the inlet pressure of 
the coreholder. The flow rate and back pressure were controlled by the automatic displacement pump and 
a back pressure regulator. Pressure gauges, differential pressure gauge and thermocouples for monitoring 
were set up at different points as shown in Figure 1. 
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Fig. 1. Schematic diagram of the CO2 coreflood apparatus. 
This study used the artificial consolidated sandstone core to simulate the reservoir sandstone core. 
These artificial consolidated sandstone cores were produced by cementing silica sand with epoxy resin 
adhesive. Figure 2 was metallographic photo of the artificial consolidated sandstone core and reservoir 
sandstone core. The micro pore structure of the artificial consolidated sandstone core can be observed 
These characters of the artificial consolidated sandstone core were similar with reservoir sandstone core. 
Moreover, the permeability and pore distribution of the artificial consolidated sandstone core and 
reservoir sandstone core were approximative. Therefore, the artificial consolidated sandstone core was 
suitable to simulate the reservoir sandstone core in the core flooding test. 
 
 
 
(a)                                                                                                  (b) 
Fig. 2. Metallographic photo of the artificial consolidated sandstone core and reservoir sandstone core (a) the artificial consolidated 
sandstone core; (b) the reservoir sandstone core. 
2.2. Experiment procedures 
The general procedure for preparing each CO2 flooding test is briefly described as follows. The 
coreholder and pipeline were cleaned and washed with petroleum ether, deionized water, and CO2 in 
sequence to remove residue crude oil and brine after last test. After the coreholder and pipelines were 
cleaned and dried, the artificial consolidated sandstone core was assembled in the coreholder and was 
connected with pipelines and vacuumed for 1 h. Then, the brine was imbibed to calculate the porosity of 
the artificial consolidated sandstone core from the traditional gravimetric measurement method. 
Afterward, the water was injected at different flow rates (0.1 cc/min-0.5 cc/min) to measure the absolute 
permeability of the bead 
porosity was in the range of 25.67-26.84% and the absolute permeability was in the range of k = 485-510 
mD.  
Prior to CO2 or brine flooding, the core used in secondary or tertiary oil recovery processes was 
saturated with brine (3 wt% NaCl) doped with 5 wt% NaI to enhance the contrast in CT images. Then, the 
core was saturated with the crude oil. After the core was saturated with the crude oil, the crude oil was 
further injected at the injection rate of qoil = 0.1 cc/min to pressurize the core and ensure that the 
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1) between the inlet and 
outlet of the coreholder became stable. Then, the water flooding and CO2 flooding was conducted to 
recover the crude oil at the same injection rate of q = 0.1 cc/min and T = 37.5 °C. It is noted that 
introducing NaI in the system could potentially result in an increase in the capillary pressure of the non-
wetting phase during the flooding test [2]. 
Table 1. Physical properties of artificial consolidated sandstone cores,experimental conditions and oil effective permeability 
reduction data for three tests at T = 37.5 °C.  
test no.  (%) k (mD) P (MPa) 1 (kPa) 2 (kPa) ko/ko (%) 
#1 26.18 500 8.8 1225 1491 17.84 
#2 25.67 4 8.8 1233 1757 29.82 
#3 26.84 6 9.1 1277 1899 32.75 
Before and after each flooding process, the distribution of crude oil and brine (3 wt% NaCl) in the core 
was scanned by employing X-ray CT scanning. To map out the finnal distribution of the crude oil, fine 
resolution (0.002 mm x 0.002 mm) CT images of the core cross sections were taken at a regular interval 
of about 4 mm along the core length (thus giving rise to a total of 80 images), under both dry and CO2 
flooding conditions.  
After each flooding test and X-ray CT scanning was terminated, the core was reassembled in the 
coreholder and the crude oil was reinjected through the coreholder until the differential pressure ( 2) 
between its inlet and outlet became stable. With the two measured stable differential pressure during the 
initial crude oil injection ( 1) and the final crude oil rejection ( 2), the oil effective permeabilities 
before and after CO2 flooding were determined by applying Darcy s law, respectively. 
3. Results and Discussion 
3.1. Oil effective permeability reduction 
In this study, the respective oil effective permeabilies were calculated from the measured differential 
pressure between the inlet and outlet of the coreholder during the initial crude oil injection before CO2 
flooding and during its final reinjection after CO2 flooding at the injection rate of qoil = 0.1 cc/min and a 
constant temperature T = 37.5 °C. A total of 3.0 P.V. of the crude oil was injected during the initial 
injection or final reinjection process so as to reach a stable differential pressure. Figure 3a-c shows the 
differential pressure versus injected P.V. data during the initial crude oil injection, water flooding and/or 
CO2 flooding, and final crude oil reinjection for CO2 dry, secondary, and tertiary oil recovery processes 
for test #1, #2, and #3.  
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(c) 
Fig. 3. Differential pressure between the inlet and outlet of the coreholder in Test #1 versus the injected time of the crude oil or CO2 
during the initial original light crude oil injection before CO2 flooding, CO2 secondary flooding, and final original light crude oil 
reinjection after CO2 flooding at qoil= 0.1 cc/min, qco2= 0.1 cc/min, and T = 37.5 . 
It can be seen from these three panels that the measured differential pressures before and after CO2 
flooding could reach their stable values during the initial crude oil injection ( 1) and the final crude oil 
reinjection ( 2), which are listed in Table 1. The differential pressure measured during the final crude oil 
reinjection after CO2 flooding is always higher than that measured during its initial crude oil injection 
before CO2 flooding, i.e., 2> 1. The measured stable differential pressures before and after CO2 
flooding were used to calculate the oil effective permeabilities using Darcy s law, respectively. The 
calculated oil effective permeability reduction in percentage for each test is given in Table 1. It is found 
that the increase of the differential pressure is the largest in the CO2 tertiary oil recovery process (Test #3) 
among the three tests. Figure 3 and Table 1 indicate that the oil effective permeability reduction becomes 
the largest in the secondary water flooding and subsequent CO2 tertiary flooding. This is because, in this 
case, both asphaltenes and several metal carbonates are precioitated and deposited onto the core as 
injected CO2 contacts the residual oil and there is a large amount of the remaining water after water 
flooding. The carbonated brine can react with Ca2+ and Mg2+ to form CaCO3 and MgCO3, which are 
deposited onto the sand grains [3][4]. Therefore, Test #3 has the largest oil effective permeability 
reduction after CO2 tertiary oil recovery. Test #2 at a much lower initial connate water saturation has a 
much smaller oil effective permeability reduction after CO2 secondary oil recovery. Test #1 gives the 
smallest oil effective permeability reduction after CO2 dry flooding, which is attributed to the asphaltene 
deposition alone in this flooding process. 
3.2. CT images analysis 
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In order to discriminate between solids and air in those constructed images of samples, it is necessary 
to apply a series of filters to smooth the image, reduce noise and improve the contrast between grain and 
void [8]. In this paper, the porosity value based on the algorithm [9] is calculated and the threshold 
corresponding to the calculated porosity is chosen to binarize or segment the gray scales into two phases: 
void and others. At last, the black-white image was produced and was presented in Figure 4. 
 
 
(a)                                                    (b)                                                    (c) 
Fig. 4. the black-white image. (a) the black-white image of test #1; (b) the black-white image of test #2; (c) the black-white image of 
test #3. 
The image processing is aimed to segment the air in the core and other materials. Comparing two CT 
images before and after recovery processes in one test, it is found that asphaltenes deposited onto the sand 
grains and thus left in the reservoir, and the porosity decreased, which can cause permeability reduction 
of a tight sandstone reservoir after immiscible CO2 flooding. 
4. Conclusion 
The brine and crude oil permeability of the core was calculated by using Darcy's law. It is found that, 
in three different immiscible CO2 oil recovery processes, crude oil permeability always become lower 
than it before flooding and the CO2 tertiary flooding process gives the largest oil effective permeability 
reduction. However, the CO2 dry or secondary flooding process has a much smaller oil effective 
permeability reduction. From the digital CT images, the CT bulk porosity before injection can be 
calculated and approximately equal to the water bulk porosity, and the CT bulk porosity reduces 
obviously because of asphaltene deposition. Comparing two CT images before and after recovery 
processes in one test, it is found that asphaltenes deposited onto the sand grains and thus left in the 
reservoir, which can cause permeability reduction of a tight sandstone reservoir after immiscible CO2 
flooding. 
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